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Intra- and Intermolecular Interactions in Sucrose
Transporters at the Plasma Membrane Detected
by the Split-Ubiquitin System and Functional Assays
localized sucrose transporters, structural information
would be valuable. However, structural information for
most metabolite transporters is limited to bioinformatic
analyses that predict number and position of putative
membrane-spanning domains and the orientation of the
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It is thus essential to generate new tools allowing
dissection of intra- and intermolecular interactions of
membrane proteins. Yeast two-hybrid approaches haveSummary
been highly efficient for even genome-wide analyses of
interactions among soluble proteins [16–18]. However,Interaction of two separately expressed halves of su-
crose transporter SUT1 was detected by an optimized membrane protein interactions cannot be detected,
since membrane attachment of the activation domainsplit-ubiquitin system. The halves reconstitute su-
crose transport activity at the plasma membrane with prevents reporting of the system in the nucleus. To solve
this problem, the split-ubiquitin system (SUS) was devel-affinities similar to the intact protein. The halves do
not function independently, and an intact central loop oped, in which an interaction of two membrane proteins
forces reconstitution of two halves of ubiquitin, leadingis not required for membrane insertion, plasma mem-
brane targeting, and transport. Under native condi- to cleavage and release of a coupled transcription factor
that activates reporter gene expression [19, 20]. Usingtions, the halves associate into higher molecular mass
complexes. Furthermore, the N-terminal half of the this system, we have been able to show that the three
colocalizing sucrose transporters SUT1, SUT2, andlow-affinity SUT2 interacts functionally with the C-ter-
minal half of SUT1. Since the N terminus of SUT2 deter- SUT4 are able to interact with each other [3].
It is therefore important to generate information aboutmines affinity for sucrose, the reconstituted chimera
has lower affinity than SUT1. The split-ubiquitin system the tertiary structure of sucrose transporters and the
nature of the interaction. Sucrose transporters are mem-efficiently detects intramolecular interactions in mem-
brane proteins, and can be used to dissect transporter bers of the glycoside-pentoside-hexuronide (GPH) cat-
ion symporter family that is related to the major facilitatorstructure.
superfamily (MFS) [21]. Structural similarities between
sucrose transporters and members of the MFS, such asIntroduction
the mammalian glucose transporters that function as
tetramers, include twelve transmembrane-spanning do-Sucrose represents the major transport form of assimi-
lates in higher plants. Sucrose is loaded into the phloem mains, a cytosolic orientation of N and C termini [22],
and conserved domains within the second and fourthby a set of sucrose transport proteins (SUTs) [1]. In
Solanaceae, three transporters differing with respect to cytosolic loops [23, 24], suggesting an origin by gene
duplication.kinetic properties colocalize in mature sieve elements
[2–4]. SUT1 functions as a proton cotransporter, actively In this study, an improved version of the split-ubiquitin
system was used to demonstrate that two separatelyaccumulating sucrose in the phloem sap [5]. Antisense
repression demonstrates that SUT1, the high-affinity su- expressed halves of the sucrose transporter SUT1 can
interact. The interaction is specific, since unrelatedcrose transporter [6], is essential for long-distance
transport in potato and tobacco [7–9]. membrane proteins do not interact. Complementation
studies together with kinetic measurements show thatTo understand the mechanism and regulation of su-
crose transport and the interplay between the three co- the two halves reconstitute a functional transporter and
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Figure 1. Expression Constructs Used for
the Split-Ubiquitin System
The N-terminal halves of StSUT1 (StSUT1-I),
LeSUT1 (LeSUT1-I), and LeSUT2 (LeSUT2-I)
were expressed as CubPLV fusions. The C-ter-
minal halves of StSUT1 (StSUT1-II) and
LeSUT1 (LeSUT1-IIV–XII) were expressed as
NubG fusions. The Arabidopsis AtKAT1 po-
tassium channel and the AtSTP1 hexose
transporter were expressed as NubG fusions
and used as controls for unspecific interac-
tions with other plasma membrane proteins.
WBP1 corresponds to the weak yeast wheat
germ agglutinin binding protein promoter,
and ADH1 to the alcohol dehydrogenase pro-
moter. The CubPLV fusion vector contains
the HSV terminator (ter) and the NubG fusion
vector contains the ADH1 terminator (ter).
Relevant restriction sites are indicated.
indicate that they are targeted together to the yeast CubPLV fusion is under control of the weak WBP1 pro-
moter, whereas the Nub fusion is expressed from theplasma membrane. Furthermore, a heteromeric interac-
tion between the first half of the sucrose transporter-like strong ADH1 promoter (Figure 1).
protein SUT2 and the C-terminal part of SUT1 provides
insight into the potential structure of oligomeric sugar Specific Physical Interaction between the Two
transporters. Halves of StSUT1
Interactions between two separately expressed halves
of the sucrose transporter StSUT1 were tested using theResults
modified split-ubiquitin system (mSUS). The N-terminal
half of StSUT1 (Figure 1, StSUT1-I; Figure 2) was fusedModification of the Split-Ubiquitin System
The split-ubiquitin system can be used to detect specific to CubPLV as a bait and the C-terminal half (Figure 1,
StSUT1-II; Figure 2) was expressed as a NubG fusioninteractions between membrane proteins, but also may
detect simple colocalization within the same membrane in the S. cerevisiae reporter strain L40, which carries
lacZ and HIS3 reporter genes under control of lexA bind-as shown for ER resident proteins by the use of different
mutants of the N-terminal half of ubiquitin (Nub) [25]. To ing sites. An interaction between the two halves forces
reconstitution of the two ubiquitin domains, leading toreduce the possibility of detecting simple colocalization
within the same membrane, the amount of fusion protein cleavage and release of the artificial transcription factor
PLV. Reporter activation results in -galactosidase ac-with the C-terminal half of ubiquitin (CubPLV) produced
in the cell was reduced by introduction of a weaker tivity as detected by blue staining (Figure 3A) and growth
on media without histidine (data not shown). The resultspromoter. For this, a set of new vectors for the split-
ubiquitin system (SUS) was constructed, in which the indicate a physical interaction between StSUT1-I and
Sucrose Transporter Intramolecular Interaction
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Figure 3. Interactions between Membrane Protein Halves Detected
by the Split-Ubiquitin System
(A) -Galactosidase activity of cells expressing StSUT1-I-CubPLV
together with NubG (empty vector control), NubG-StSUT1-II, NubG-
AtKAT1, or NubG-AtSTP1.
(B) -Galactosidase activity of cells expressing LeSUT1-I-CubPLV
together with NubG, NubG-StSUT1-II, NubG-LeSUT1-IIV–XII, NubG-
AtKAT1, and NubG-AtSTP1. Cells were grown on filters, disrupted,
and incubated with X-gal for 10 hr. Results from four independent
transformants are shown for each combination.
Figure 2. Transmembrane Model of StSUT1 Halves StSUT1-I and
StSUT1-II tionally complement the K uptake deficiency of yeast
The model was drawn using VHMPT [51]. The protein was expressed strain 59m15 (Figure 4).
separately as two domains split within the central cytoplasmic loop,
resulting in two halves each containing six membrane spans. The
Sucrose Transport Activity of Split SUT1peptide used for antiserum production is underlined.
To demonstrate that the interaction detected between
the two SUT1 halves by mSUS was due to functional
StSUT1-II. In contrast, expression of free NubG together
with StSUT1-I-CubPLV in the cytosol did not activate
HIS3 or lacZ, demonstrating that membrane protein in-
teraction was required for reporter activation (Figure
3A). Comparable results were obtained when using the
orthologous protein from tomato, LeSUT1 (Figures 1 and
3B). Interestingly, the N-terminal half of LeSUT1 not only
interacted with the C-terminal half of StSUT1, but also
with a C-terminal fragment encompassing membrane
spans V–XII (LeSUT1-IIV–XII). Thus, the presence of excess
domains (here V and VI) present in both prey and bait
did not prevent interaction. This is in agreement with
previous studies showing that additional domains do
not interfere with functional reconstitution of lactose
permease [26].
Specificity of the Interaction
To exclude that the interaction was due to simple colo-
calization in the same membrane, the StSUT1-I prey
was coexpressed with unrelated plasma membrane pro-
teins, such as the potassium channel AtKAT1 and the
hexose transporter AtSTP1. Coexpression of respective
Figure 4. Functional Complementation of the Potassium Uptake-
NubG fusions with StSUT1-I-CubPLV and LeSUT1-I- Deficient Yeast Strain 59m15 with NubG-AtKAT1 Fusion Demonstra-
CubPLV did not lead to measurable activation of re- ting Plasma Membrane Localization
porter genes (Figure 3). To demonstrate that AtKAT1, Growth of strain 59m15 transformed with either the empty vector
when fused to NubG, was still correctly targeted to the (pNubG-X; 1) or the fusion protein (pNubG-AtKAT1; 2) on SD medium
containing 100 mM or 1 mM KCl, respectively.plasma membrane, NubG-AtKAT1 was shown to func-
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Figure 5. Complementation of Sucrose Uptake by the Split Sucrose Transporter StSUT1
(A) Constructs for the expression of StSUT1-I under control of the PMA1 plasma membrane ATPase promoter fragment and for StSUT1-II
under control of the ADH1 promoter. StSUT1-I-Cub and StSUT1-I were cloned into pDR196, and StSUT1-II was cloned into pADH1 (see
Experimental Procedures).
(B) Growth of the yeast strain SUSY7/ura3 coexpressing pDR195-StSUT1 and pNubG-X (StSUT1), pDR196-StSUT1-I and pADH1-StSUT1-II
(StSUT1-I  StSUT1-II), pDR196-StSUT1-I-Cub and pNubG-StSUT1-II (StSUT1-I-Cub  NubG-StSUT1-II), pNubG-X and pDR196-StSUT1-I-
Cub (StSUT1-I-Cub), pADH1 and pDR196-StSUT1-I (StSUT1-I), pDR196 and pNubG-StSUT1-II (NubG-StSUT1-II), pDR196 and pADH1-StSUT1-
II (StSUT1-II), and the empty vectors pDR196 and pNubG-X (vectors) on SD medium (pH 4.0) containing either sucrose or glucose as the sole
carbon source.
reconstitution, sucrose uptake activity was determined duplication of a six-transmembrane spanner [28], ex-
pression of separate SUT1 halves alone did not permitfor the coexpressed halves. To obtain expression levels
sufficient for transport assays, a StSUT1-I-Cub fusion the mutant to grow on sucrose media. It could, however,
not be excluded that the presence of the two ubiquitinwas recloned into the yeast expression vector pDR196
containing the strong PMA1 promoter fragment (Figure domains stabilizes the interaction between the two su-
crose transporter halves. To exclude this, StSUT1-I in5A). The S. cerevisiae strain SUSY7/ura3 [2, 27], which
in the absence of a functional sucrose transporter at the pDR196, in which the Cub domain was deleted, was
coexpressed with StSUT1-II in pADH1. Also in this case,plasma membrane is unable to grow on sucrose as the
sole carbon source, was cotransformed with StSUT1-I- the halves reconstitute a functional sucrose transporter.
Thus, the noncovalent interaction between the twoCub (under control of the PMA1 promoter) and pNubG-
StSUT1-II (under control of the ADH1 promoter). Coex- halves is sufficient for targeting of the halves to the
plasma membrane and for functional reconstitution. Fi-pression of the separately expressed halves conferred
growth of SUSY7/ura3 on sucrose, demonstrating that nally, to exclude that a full-length StSUT1 was restored
by recombination in the transformants, protein gel blot-the two halves reconstitute a functional sucrose trans-
porter at the plasma membrane (Figure 5B). Despite the ting with antibodies against the central loop of StSUT1
(the epitope recognized is retained only in StSUT1-II)fact that MFS transporters are derived from an ancient
Sucrose Transporter Intramolecular Interaction
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Figure 6. Analysis of SUT Complexes
(A) Protein gel blot analysis of protein extracts
from yeast cells expressing pDR195-StSUT1
and pNubG-X (StSUT1), pDR196-StSUT1-I-Cub
and pNubG-StSUT1-II (StSUT1-I-Cub  NubG-
StSUT1-II), pDR196-StSUT1-I and pNubG-
StSUT1-II (StSUT1-I  NubG-StSUT1-II),
pDR196 and pNubG-StSUT1-II (NubG-
StSUT1-II), pNubG-X and pDR196-StSUT1-I-
Cub (StSUT1-I-Cub), pNubG-X and pDR196-
StSUT1-I (StSUT1-I), and the empty vectors
pDR196 and pNubG-X (vectors). The gel blot
was probed with a primary antibody raised
against a peptide in the central loop of
StSUT1 that is present only in the C-terminal
half of StSUT1-II (Figure 2).
(B) PCR analysis of DNA isolated from yeast
strain SUSY7/ura3 transformed with either
pDR195-StSUT1-I and pNubG-X (lanes 1–3),
pDR196-StSUT1-I and pADH1-StSUT1-II
(lanes 4–6), or pDR196-StSUT1-I-Cub and
pNubG-StSUT1-II (lanes 7–9). Primers used
for the PCR reaction were StSUT1-I-F (5-
GCTTTTAGTTTAACACATATGGAGAATGG
TAC-3), corresponding to the N terminus of
StSUT1, and ADH3 (5-AGACTTGACCAAAC
CTC-3), corresponding to a part of the ADH1
terminator present in vectors used (pDR196,
pNubG-X, pADH1). For each plasmid combi-
nation, three independent transformants
were analyzed. DNA sizes are given in kb on
the left, and fragments are identified on the
right.
(C) Membrane fraction of yeast coexpressing
the two halves of SUT1 or containing empty
vectors, separated by blue native gel electro-
phoresis. Arrowheads indicate complexes of
different molecular weight as detected by im-
munostaining with an antibody recognizing
StSUT1-II.
was performed in yeast cells coexpressing the two sucrose when expressed without ubiquitin fusions but
approximately 30% lower affinity when expressed ashalves, demonstrating the presence of a StSUT1-II pep-
tide with an apparent molecular weight of 30 kDa, but Nub and Cub fusions. Furthermore, the Vmax of the split
proteins was reduced in both cases compared to intactnot of a peptide corresponding to the full-length protein
with an apparent molecular mass of 46 kDa (Figure StSUT1, which is not surprising since the second half
(SUT1-II or NubG-SUT1-II) was expressed from the6A). The absence of recombined full-length SUT1 was
also confirmed by PCR (Figure 6B). The interaction be- weaker ADH1 promoter. The presence of Nub and Cub
domains leads to a further decrease in Vmax by 65%tween the two separately expressed halves of SUT1
could be detected biochemically by native gel electro- (Table 1), indicating that although the two halves assem-
ble to form a functional transporter, the presence ofphoresis. In blue native gel electrophoresis, association
could be detected as a distinct ladder of complexes Nub and Cub in the central loop either leads to steric
hindrance of sucrose exit at the internal surface of thewith increasing molecular mass, not only indicating re-
constitution but also oligomerization (Figure 6C). carrier, or an interaction between the ubiquitin domains
affects the conformation of the inner surface of the
transporter. Further experiments are required to dissectKinetic Properties of Split SUT1
this phenomenon.To determine potential effects of the manipulation on
the sucrose transporter, kinetic properties of the recon-
stituted sucrose transport activity were measured by Heteromeric Intermolecular Interaction between
Sucrose Transporter Halves[14C]sucrose uptake in yeast cells coexpressing split
transporter halves. Expression of individual halves of Recent studies using mSUS provided evidence that three
different sucrose transporters colocalizing in sieve ele-SUT1 (cotransformed with vector controls), with or with-
out NubG or Cub fusions, resulted in no detectable su- ments can interact as heterooligomers [3]. To test whether
the system can be applied to study interactions betweencrose transport activity (Figure 7A). Compared to the
intact StSUT1, which showed kinetic properties consis- N-terminal halves of one type of sucrose transporter with
the second half of a different sucrose transporter, thetent with previously published data (Figure 7B; Table 1)
[5, 29], the split transporter had the same affinity for N-terminal half of LeSUT2 was fused to CubPLV. LeSUT2-
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Table 1. Kinetics of Sucrose Transport by the Intact StSUT1 and
by the Reconstituted Sucrose Transporter Halves
Vmax
[nmol sucrose min1
Km [mM] (108 cells)1]
StSUT1 0.9  0.04 168.5  15.3
StSUT1-I/StSUT-II 1.0  0.05 86.3  8.1
StSUT1-I-Cub/NubG-StSUT-II 1.3  0.06 38.7  2.5
Transport activity was reconstituted by coexpression of sucrose
transporter halves with or without Nub and Cub fusions (see Figure
7). Values are shown as mean  SD of three experiments.
that independently expressed halves of different sucrose
transporters can generate chimeras with novel transport
properties.
Discussion
Polytopic membrane proteins of the MFS, such as bacte-
rial lactose permease, mammalian glucose transporters,
and the related GPH, such as plant sucrose transporters,
consist of 12 transmembrane helices. The transporters are
characterized by N and C termini and an extended loop
in the center localized in the cytosol [22], and the RXGRR
motif in the first cytoplasmic loop is conserved in all mem-
bers from pro- and eukaryotes [21]. The 12 transmembrane
helices of MFS family transporters are thought to be the
result of an ancient duplication of a single domain con-
taining six transmembrane-spanning helices [21]. Despite
the large evolutionary distance, the symmetry with motifs
in the second loop and behind the sixth transmembrane
helix is conserved [30]. Subunit fusions are well estab-
lished also for other membrane proteins, such as ABC
transporters [31]. In the MFS family, the “linker” between
the two domains is the longest cytoplasmic loop, theFigure 7. Analysis of Sucrose Uptake in S. cerevisiae Cells Trans-
formed with the Split Sucrose Transporter StSUT1 length being crucial for function [32, 33].
(A) Sucrose uptake rates of cells expressing StSUT1 (StSUT1), Similar to lactose permease, two halves of sucrose
StSUT1-I and StSUT1-II (I/II), StSUT1-I-Cub and NubG-StSUT1-II (I- transporters can interact as demonstrated here by the
Cub/NubG-II), StSUT1-I (StSUT1-I), StSUT1-I-Cub (StSUT1-I-Cub), split-ubiquitin system, by blue native gel electrophoresis,
StSUT1-II (StSUT1-II), or NubG-StSUT1-II (NubG-StSUT1-II) at a final
and by transport assays [26, 34]. The interaction is notsucrose concentration of 1 mM. Results are the mean of three inde-
disturbed by the presence of additional membrane-span-pendent clones with error bars representing the standard deviation.
ning domains, thus indicating that even in this case, a(B) Kinetic analysis of sucrose uptake of cells expressing StSUT1
(square; StSUT1), StSUT1-I and StSUT1-II (circle; I/II) or StSUT1-I- stable dimer is formed in which hydrophobic interactions
Cub and NubG-StSUT1-II (triangle; I-Cub/NubG-II). Km and Vmax were stabilize the complex [26]. Moreover, this work demon-
calculated from a nonlinear regression analysis using the Michaelis- strates that even heteromeric interactions between su-
Menten equation (Table 1). All values shown are mean SD of three
crose transporter halves are functional, generating a novelindependent experiments after subtraction of the values determined
transport activity. The difference in kinetics between ho-for cells transformed with the empty vectors.
mo- and heteromeric reconstituted transporters indicates
that the formation of heterooligomers may indeed be a
powerful possibility to regulate transport.I-CubPLV interacted with the second half of StSUT1
(StSUT1-II; Figure 8A). The interaction between the halves While single polypeptides with 12 transmembrane seg-
ments seem sufficient for function of lactose permeaseof the paralogous SUT2 and SUT1 indicates the possibility
of heteromeric intermolecular interactions between su- [35] and GLUT1, biochemical studies provide evidence
that GLUT1 forms tetramers composed as dimers of di-crose transporters. Furthermore, heteromeric interaction
of two separately expressed halves of different sucrose mers [15, 36, 37]. GLUT1 is a uniporter, functioning as a
fixed site carrier, in which four homomeric subunits coexisttransporters resulted in a transporter that was functional
for sucrose uptake (Figure 8B), although transport rates in import and export states, respectively. Presence and
binding of substrates on either side affects the status ofwere very low. The low affinity of the reconstituted hetero-
meric sucrose transporter resembles that of AtSUT2 and the complex, in which two subunits in respective states
interact cooperatively [15]. Plant sucrose transporters alsoa chimera, in which the cytosolic N-terminal domain of
AtSUT2 replaces that of StSUT1 [29]. The results show seem capable of forming oligomers [3]. Interactions be-
Sucrose Transporter Intramolecular Interaction
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Figure 8. Heteromeric Interaction of Two Separately Expressed
Halves of Sucrose Transporters in mSUS
(A) -Galactosidase activity of yeast cells expressing LeSUT2-I-
CubPLV together with NubG (empty vector control), NubG-StSUT1-
II, NubG-AtKAT1, or NubG-AtSTP1.
(B) Sucrose uptake rates of SUSY7/ura3 expressing LeSUT2-I (in Figure 9. Hypothetical Model of the Inter- and Intramolecular Inter-
pDR196) and StSUT1-II. Km was calculated from a nonlinear regres- actions between Two Transporters Forming a Homo- or Heterodimer
sion analysis using the Michaelis-Menten equation. All values shown
(A) The transport proteins interact via their surfaces: each of the
are mean  SE of three independent experiments after subtraction
proteins forms its own pore via intramolecular interaction of N- and
of the values determined for cells transformed with the empty
C-terminal domains.
vectors.
(B) Each of the transport pores is formed by contributions of two
different transporter molecules: the N-terminal half (comprising
membrane spans I–VI) of one transporter interacts with the C-ter-tween colocalizing members of the same family indicate
minal half (comprising membrane spans VII–XII) of the second trans-
the possibility of forming heterodimers, providing numer- porter and a corresponding interaction of the other two halves. The
ous combinations that may affect kinetic properties and overall structure and the position of the individual transmembrane
other regulatory properties of sugar carriers. helices are based on lactose permease [39]. The substrates are
indicated at the transporting pore by yellow dots.The split-ubiquitin system thus appears to be an excel-
lent tool for studying intramolecular interactions in mem-
brane proteins. A significant understanding of the folded
structure of lactose permease was derived from split-pro- zation of the complex by the ubiquitin halves, since dele-
tion of both halves of ubiquitin still leads to a functionaltein studies, in which transport activity was measured [26,
34]. However, the ability to detect interactions indepen- carrier. However, the presence of the ubiquitin domains
may lead to steric hindrance on the exit site of the carrierdent of function by the mSUS is advantageous for probing
the structure of membrane proteins. In addition, such a and thus to somewhat altered kinetic properties. Further
studies are required to determine the exact location ofsystem allows library screening to identify interactors of
membrane proteins, which was previously not possible the interaction within the cell. In lactose permease, a salt
bridge between Asp237 and Lys358 in the seventh andwith classic two-hybrid systems in yeast. Furthermore, the
mSUS can serve as a tool to dissect the helical interactions eleventh transmembrane span was suggested to assist in
membrane insertion of the C-terminal half of the trans-within sugar transporters. It is also possible to study the
interaction of domains of different sucrose transporters porter [38]. However, the salt bridge is not involved in
binding of the N-terminal half to the C-terminal half. Substi-that form heterooligomers as shown here for SUT1 and
SUT2. tution of both charges with uncharged residues had only
minor effects on the transport activity of lactose permease.However, in order to interact in the split-ubiquitin sys-
tem, it is not necessary that the membrane proteins inter- As far as topological relationships of the various trans-
membrane spans of lactose permease were determined,act at the plasma membrane, but interactions occurring
along the targeting path will also lead to a positive reporter neither covalent bonds nor charge pairs are involved but
rather specific hydrophobic interactions between helices.gene expression. Functional complementation and trans-
port assays confirmed that in yeast, the two halves of the Thereby, intramolecular interactions of transmembrane
helices V, VII, VIII, and X stabilize the tertiary structure ofsucrose transporters form functional carriers at the plasma
membrane. Functional reconstitution is not due to stabili- the proteins forming the pore [39]. Similar structure was
Structure
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developed by Stagljar [19, 20] was utilized, in which interactionpredicted for the glucose transporter GLUT3 [40]. The
of two membrane-bound fusion proteins can be monitored by thestructural similarity of these distantly related sugar trans-
release of an artificial transcription factor consisting of Protein A,porters suggests conservation in all members of the MFS
LexA, and VP16 (PLV). Full-length or partial cDNAs of interest were
and GPH families, including the plant sucrose transporters. cloned in-frame with either the C-terminal (Cub) followed by PLV or
Based on the results shown here, a hypothetical model the N-terminal (NubG; I13G) [46] subdomain of ubiquitin. Fusion pro-
tein interaction causes association of NubG and CubPLV, leadingmay be derived for the structure of sugar transporter di-
to cleavage of the PLV by ubiquitin-specific proteases (UBPs) andmers, which is especially relevant for the case of heterooli-
in turn to expression of the lacZ and HIS3 reporters integrated ingomers. Such a model may not only apply for the plant
the yeast genome.sucrose transporters studied here, but potentially also for
New “bait” and “prey” vectors for the split-ubiquitin system were
mammalian GLUT or yeast HXT hexose transporters. All constructed for expression of heterologous proteins in yeast. The
MFS proteins are characterized by a large loop in the integrative “bait” vector pY-CubPLV contains the WBP1 promoter,
which allows low constitutive expression of the bait fusion protein,center of the protein. This domain has been shown to
a multicloning site, and Cub in-frame with PLV, as well as the LEU2require a minimal length of 20 amino acids [33] and thus
marker for insertion into the genome. To generate pY-CubPLV, themay serve as a hinge region. The two principal models
pRS305(wbp1-CubPLV) plasmid [20] was digested with XhoI andare such that either a single polypeptide containing 12
religated, thus creating pRS305(CubPLV). The sequence of the
transmembrane domains forms the pore by intramolecular WBP1 promoter and multiple cloning sites (NdeI, HindIII, NheI, NruI,
association of the first and second half of the protein PstI, XbaI, SalI, and XhoI) was amplified by PCR using the primers
containing the flanking XhoI sites. This PCR fragment was cut by(Figure 9A), or that in a dimer, the first half of transporter
XhoI and ligated in the XhoI site of pRS305 (CubPLV).I associates with the second half of transporter II and an
The 2 -based “prey” vector pNubG-X contains the strong consti-interaction between the other halves, thus forming two
tutive ADH1 promoter, the NubG domain, a multicloning site fol-heteromeric pore domains (Figure 9B). This is supported
lowed by the ADH1 terminator, as well as the TRP1 marker. To
by the fact that even though the first half of SUT1 is only generate the pNubG-X plasmid, the region encompassing the yeast
48% identical to the respective domain of SUT2, the SUT2 ADH1 promoter and the multiple cloning sites (NcoI, SmaI, BamHI,
and PstI), as well as the NubG domain, were amplified by PCRfirst half can functionally interact with the second half of
and cloned into the SacI- and NdeI-digested vector pAS2-1 (NCBISUT1 with distinct kinetic properties. As shown here, an
accession number U30497). All plasmids were verified by sequenc-intact central loop is not required for transport activity.
ing. Requests for the pY-CubPLV and pNubG-X plasmids shouldThese data do not exclude the model in Figure 9B, but
be directed to I.S.
indicate that intramolecular interactions are required be- The N-terminal half of StSUT1 (GenBank accession number
tween the two halves of each monomer. Mammalian glu- X69165), encoding amino acids 1–256 (StSUT1-I), was fused to the
Cub coding sequence of vector pY-CubPLV, while the C-terminalcose transporters contain 6 conserved cysteine residues,
half of StSUT1, encoding amino acids 256–515 (StSUT1-II), was4 of which stabilize the tertiary structure of the transporter
fused to the NubG coding sequence of vector pNubG-X. In addition,through intramolecular disulfide bridges, and 2 cysteine
the N-terminal half of LeSUT2 [2], encoding amino acids 1–316residues which mediate tetrameric association [36]. In
(LeSUT2-I), and LeSUT1 (GenBank accession number X82275), en-
analogy, sucrose transporters contain 4 conserved cys- coding amino acids 1–263, were fused to the Cub coding sequence
teines, which may function in stabilizing the inter- and of vector pY-CubPLV. As unrelated controls, the full-length open
reading frames of AtKAT1 (GenBank accession number M86990)intramolecular association of sucrose transporters. The
and AtSTP1 (GenBank accession number X55350) were fused to therole of these cysteines in regulation of transport and possi-
NubG coding sequence of vector pNubG-X. In addition, a truncatedble intra- and intermolecular interactions needs to be ana-
version of LeSUT1 (LeSUT1-IIV–XII) encoding amino acids 153–510lyzed further. Evidence for intra- and intermolecular inter-
was fused to NubG. All fusions to NubG were to the N terminus of
actions using other methods such as a more detailed the respective protein while the fusions to the Cub coding sequence
analysis of the interactions using the mSUS, in combina- were to the C terminus of the first halves of sucrose transporters.
For cloning, the partial or full-length sequences were amplified bytion with coexpression studies, and the analysis of trans-
PCR using Deep Vent DNA polymerase (New England Biolabs) withport properties of plant knockout mutants in which one
cloned genes as templates. Appropriate restriction sites were intro-of the sucrose transporters is missing, is required to test
duced with the primers. The PCR products were cloned at the NdeI-these hypotheses.
PstI sites of pY-CubPLV (StSUT1-I), NdeI-XbaI (LeSUT2-I; LeSUT1-I)
or the SmaI-PstI sites (StSUT1-II), the NcoI-PstI sites (AtKAT1) or the
Experimental Procedures
SalI-PstI sites (LeSUT1- IIV–XII, AtSTP1) of pNubG-X to yield plasmids
pStSUT1-I-CubPLV, pLeSUT1-I-CubPLV, pLeSUT2-I-CubPLV,
Strains, Media, and Recombinant DNA Methods
pNubG-StSUT1-II, pNubG-AtKAT1, pNubG- LeSUT1- IIV–XII, and
Yeast strain L40 (MATa ade2 trp1 leu2 his3 LYS2::lexA-HIS3
pNubG-AtSTP1, respectively (Figure 1). Plasmids pStSUT1-I-
URA3::lexA-lacZ) [41] was used as host strain for split-ubiquitin
CubPLV, pLeSUT2-I-CubPLV, and pLeSUT1-I-CubPLV were inte-
analysis. Sucrose transport activity was assessed using strain
grated into the leu2 locus of strain L40 after linearization with ClaI or
SUSY7/ura3 (MATa, ura3-52, leu2-3, 112, trp1, mal0, suc2::URA3,
BspTI for LeSUT1-I-CubPLV. Integration of the expression cassette
ura3, Leu2::128A2-SuSy) [2, 27]. Functionality of the NubG-AtKAT1
was checked by PCR using a forward primer for the WBP1 promoterconstruct was tested by expression in yeast strain 59m15 (MATa
and a reverse primer for StSUT1-I, LeSUT2-I, and LeSUT1-I, respec-leu2 ura3 trp1 trk1 trk2::HIS3; A. Rodriguez-Navarro, personal com-
tively.munication). Yeast and E. coli media, including the rich, glucose-
containing medium (YPD) and the defined media (SD with appro-
-Galactosidase Assaypriate supplements) were prepared using standard recipes [42, 43].
-Galactosidase activity was determined using filter assays [47].Standard procedures of yeast genetics and molecular biology were
Cells were streaked out on reinforced nitrocellulose membrane (Op-used [42, 44]. Yeast transformations were performed with a modifi-
titran BA-S 83, Schleicher and Schuell), placed on top of SD agarcation of the Li ion method [45].
plates containing appropriate supplements, and grown for 2 days
at 27C. Filters were then removed from the agar, frozen briefly inSplit-Ubiquitin Analysis
liquid nitrogen, defrosted, and placed in petri dishes onto filter paperInteraction of the two halves of StSUT1 was tested by split-ubiquitin
analysis [46]. A version of the modified membrane-based system saturated with Z buffer (60 mM Na2PO4, 40 mM NaH2PO4, 10 mM
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KCl, 1 mM MgSO4) containing 35 mM -mercaptoethanol and 1.5 ported by the Deutsche Forschungsgemeinschaft (grants RE 1454/1
to A.R. and SFB446 to W.B.F.). W.S had a stipend from Deutschemg/ml 5-bromo-4-chloro-3-indolyl-3-D-galactoside (X-gal; Sigma).
For development, filters were incubated at 37C overnight. Studienstiftung. S.T. and I.S. were supported by the Kanton of Zu¨-
rich, Zu¨rcher Krebsliga, Gebert-Ru¨f Stiftung, Walter Honegger Stif-
tung, Bonizzi-Theler Stiftung, EMDO Stiftung, and Swiss NationalYeast Complementation and Quantification
Science Foundation (31-58798.99).of Sucrose Uptake
To test the functionality of split StSUTs, the N-terminal half (StSUT1-I
or StSUT1-I-Cub, and LeSUT2-I) was cloned into the yeast expres-
Received: November 16, 2001sion vector pDR196 [48]. StSUT1-I and StSUT1-I-Cub were amplified
Revised: March 8, 2002by PCR with pStSUT1-I-CubPLV as a template, and LeSUT2-I was
Accepted: March 12, 2002amplified from LeSUT2-I-CubPLV. Appropriate restriction sites and
a stop codon were introduced with the primers. The PCR products
were digested with either SmaI-XhoI to yield StSUT1-I (amino acids References
1–256 of StSUT1), SmaI to yield StSUT1-I-Cub (amino acids 1–256
of StSUT1 plus Cub), or EcoRI and SalI for LeSUT1-I. Fragments 1. Lalonde, S., Boles, E., Hellmann, H., Barker, L., Patrick, J.W.,
were cloned into the corresponding restriction sites of pDR196 yield- Frommer, W.B., and Ward, J.M. (1999). The dual function of
ing pDR196-StSUT1-I, pDR196-StSUT1-I-Cub, and pDR196- sugar carriers: transport and sugar sensing. Plant Cell 11,
LeSUT2-I. To create a NubG-less version of StSUT1-II, StSUT1 was 707–726.
used as a template for PCR. Restriction sites as well as a start 2. Barker, L., Ku¨hn, C., Weise, A., Schulz, A., Gebhardt, C., Hirner,
codon were introduced with the primers. The PCR product was B., Hellmann, H., Schulze, W., Ward, J.M., and Frommer, W.B.
digested with XhoI and PstI to yield StSUT1-II (containing a start (2000). SUT2, a putative sucrose sensor in sieve elements. Plant
codon plus amino acids 256–515 of StSUT1). Vector pNubG-X was Cell 12, 1153–1164.
digested with XhoI and PstI, thereby eliminating the entire NubG 3. Reinders, A., Schulze, W., Ku¨hn, W., Barker, L., Schulz, A., Ward,
fragment, resulting in vector pADH1. StSUT1-II was then cloned into J.M., and Frommer, W.B. (2002). Protein-protein interactions
this vector, yielding pADH1-StSUT1-II. All constructs were con- between sucrose transporters of different affinities co-localized
firmed by sequencing. in the same enucleate sieve element. Plant Cell, in press.
Yeast strain SUSY7/ura3 [2, 27] was cotransformed with pDR196 4. Weise, A., Barker, L., Ku¨hn, C., Lalonde, S., Buschmann, H.,
or a derivative thereof (pDR195-StSUT1, pDR196-StSUT1-I, Frommer, W.B., and Ward, J.M. (2000). A new subfamily of su-
pDR196-StSUT1-I-Cub) and pADH1, pADH1-StSUT1-II, or pNubG- crose transporters, SUT4, with low-affinity/high-capacity local-
StSUT1-II (see figure legends for combinations analyzed). To test ized in enucleate sieve elements of plants. Plant Cell 12, 1345–
growth on sucrose, three of the resulting colonies of each transfor- 1355.
mation were then resuspended in 5 ml water, and 50 l aliquots 5. Boorer, K.J., Loo, D.D.F., Frommer, W.B., and Wright, E.M.
were plated on both SD with glucose (2%) and SD with sucrose (1996). Transport mechanism of the cloned potato H/sucrose
(2%) as a carbon source. The pH of the sucrose plates was adjusted cotransporter StSUT1. J. Biol. Chem. 271, 25139–25144.
to 4.0 with HCl. Plates were incubated for 3 days (glucose) and 6 6. Riesmeier, J.W., Hirner, B., and Frommer, W.B. (1993). Potato
days (sucrose), respectively, at 30C. sucrose transporter expression in minor veins indicates a role
Sucrose uptake assays were performed as described [4]. SUSY7/ in phloem loading. Plant Cell 5, 1591–1598.
ura3 was grown to OD600 0.8 in liquid SD media containing glucose. 7. Riesmeier, J.W., Willmitzer, L., and Frommer, W.B. (1994). Anti-
Cells were washed in 25 mM sodium phosphate buffer (pH 4.0), and sense repression of the sucrose transporter affects assimilate
suspended in the same buffer to OD600 20. Uptake assays were partitioning in transgenic potato plants. EMBO J. 13, 1–7.
initiated by adding glucose to a final concentration of 10 mM to 8. Ku¨hn, C., Quick, W.P., Schulz, A., Riesmeier, J.W., Sonnewald,
yeast cells 2 min before adding [14C]sucrose. After incubation at U., and Frommer, W.B. (1996). Companion cell-specific inhibi-
30C with shaking, cells were collected (at 1, 2, 3, and 5 min) by tion of the potato sucrose transporter SUT1. Plant Cell Environ.
vacuum filtration onto glass fiber filters (GF/C; Whatman) and 19, 1115–1123.
washed twice with 10 ml of ice-cold 10 mM sucrose before liquid 9. Bu¨rkle, L., Hibberd, J.M., Quick, W.P., Ku¨hn, C., Hirner, B., and
scintillation counting. Frommer, W.B. (1998). The H-sucrose cotransporter NtSUT1
is essential for sugar export from tobacco leaves. Plant Physiol.
Protein Extraction and Protein Gel Blotting 118, 59–68.
Total protein was extracted from yeast cells as previously described 10. Walz, T., Hirai, T., Murata, K., Heymann, J.B., Mitsuoka, K.,
[20]. Briefly, cells were grown in SD medium overnight, resuspended Fujioshi, Y., Smith, B.L., Agre, P., and Engel, A. (1997). The
in 1.85 M NaOH, incubated on ice for 10 min, and proteins were three-dimensional structure of aquaporin-1. Nature 387,
precipitated with an equal amount of 50% trichloroacetic acid. Pro- 624–627.
tein pellets were collected by centrifugation, resuspended in SDS 11. Doyle, D.A., Cabral, J.M., Pfuetzner, R.A., Kuo, A., Gulbis, J.M.,
sample buffer containing 8 M urea, and after addition of 1 M Tris Cohen, S.L., Chait, B.T., and MacKinnon, R. (1998). The structure
base, dissolved at 37C before running the SDS-PAGE. Blots were of the potassium channel: molecular basis of K conduction
probed with polyclonal antibodies raised against the peptide EIDE and selectivity. Science 280, 69–77.
KLAGAGKSK corresponding to amino acids 257–269 of the central 12. Cheng, A., van Hoek, A.N., Yeager, M., Verkman, A.S., and Mitra,
loop of StSUT1 [49]. Microsomal fractions of yeast cells were sam- A.K. (1997). Three-dimensional organization of a human water
pled [29] and separated by blue native gel electrophoresis on a channel. Nature 387, 627–630.
4%–15% acrylamide gradient as described [50]. Protein was trans- 13. Chang, G., and Roth, C.B. (2001). Structure of MsbA from E.
ferred to PVDF membrane and immunodetection was performed coli: a homolog of the multidrug resistance ATP binding cassette
using the SUT1 antibody described [49]. (ABC) transporters. Science 293, 1793–1800.
14. Kaback, H.R., Sahin-Toth, M., and Weinglass, A.B. (2001). The
kamikaze approach to membrane transport. Nat. Rev. Mol. CellAcknowledgments
Biol. 2, 610–620.
15. Hamill, S., Cloherty, E.K., and Carruthers, A. (1999). The humanWe are grateful to Christine Bu¨rki (Institute of Veterinary Biochemis-
try, University of Zu¨rich-Irchel) for assistance with vector construc- erythrocyte sugar transporter presents two sugar import sites.
Biochemistry 38, 16974–16983.tion, Dr. Alonso Rodriguez-Navarro (Universidad Politecnica de Ma-
drid) for the 59m15 yeast strain, Dr. Julian I. Schroeder (UC San 16. Fields, S., and Song, O. (1989). A novel genetic system to detect
protein-protein interactions. Nature 340, 245–246.Diego) for the plasmid containing AtKAT1, Dr. Doris Rentsch for
pDR196, and Dr. Stephan te Heesen for strong support with the 17. Legrain, P., and Selig, L. (2000). Genome-wide protein interac-
tion maps using two-hybrid systems. FEBS Lett. 480, 32–36.project in the early stages, and thanks to Dr. Claudia Oecking for
helpful advice concerning “blue native” gels. This work was sup- 18. Washburn, M.P., Wolters, D., and Yates, J.R.I. (2001). Large-
Structure
772
scale analysis of the yeast proteome by multidimensional pro- of the charge pair aspartic acid-237-lysine-358 in the lactose
permease of Escherichia coli. Biochemistry 32, 3139–3145.tein identification technology. Nat. Biotechnol. 19, 242–247.
19. Stagljar, I., and te Heesen, S. (2000). Detecting interactions be- 39. Wu, J., Sun, J., and Kaback, H.R. (1996). Purification and func-
tional characterization of the C-terminal half of the lactose per-tween membrane proteins in vivo using chimeras. Methods En-
zymol. 327, 190–198. mease of Escherichia coli. Biochemistry 35, 5213–5219.
40. Dwyer, D.S. (2001). Model of the 3-D structure of the GLUT320. Stagljar, I., Korostensky, C., Johnsson, N., and te Heesen, S.
(1998). A genetic system based on split-ubiquitin for the analysis glucose transporter and molecular dynamics simulation of glu-
cose transport. Proteins 42, 531–541.of interactions between membrane proteins in vivo. Proc. Natl.
Acad. Sci. USA 95, 5187–5192. 41. Vojtek, A.B., Hollenberg, J.A., and Cooper, J.A. (1993). Mamma-
lian Ras interacts directly with the serine/threonine kinase Raf.21. Saier, M.H. (2001). Evolution of transport proteins. Genet. Eng.
23, 1–10. Cell 74, 205–214.
42. Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989). Molecular22. Stolz, J., Ludwig, A., Stadler, R., Biesgen, C., Hagemenn, K.,
and Sauer, N. (1999). Structural analysis of a plant sucrose Cloning: A Laboratory Manual, Second Edition (Cold Spring Har-
bor, NY: Cold Spring Harbor Laboratory Press).carrier using monoclonal antibodies and bacteriophage lambda
surface display. FEBS Lett. 453, 375–379. 43. Rose, M.D., Winston, F., and Hieter, P. (1990). Methods in Yeast
Genetics (Cold Spring Harbor, NY: Cold Spring Harbor Labora-23. Sauer, N., and Stolz, J. (1994). SUC1 and SUC2: two sucrose
transporters from Arabidopsis thaliana; expression and charac- tory Press).
44. Guthrie, C., and Fink, G.R. (1991). Guide to Yeast Genetics andterization in baker’s yeast and identification of the histidine-
tagged protein. Plant J. 6, 67–77. Molecular Biology, Volume 194, J.N. Abelson and M.I. Simon,
eds. (San Diego: Academic Press).24. Ward, J.M., Ku¨hn, C., Tegeder, M., and Frommer, W.B. (1998).
Sucrose transport in higher plants. Int. Rev. Cytol. 178, 41–71. 45. Gietz, D., St. Jean, A., Woods, R.A., and Schiestl, R.H. (1992).
Improved method for high efficiency transformation of intact25. Wittke, S., Lewke, N., Muller, S., and Johnsson, N. (1999). Prob-
ing the molecular environment of membrane proteins in vivo. yeast cells. Nucleic Acids Res. 20, 1425.
46. Johnsson, N., and Varshavsky, A. (1994). Split ubiquitin as aMol. Biol. Cell 10, 2519–2530.
26. Wrubel, W, Stochaj, U., Sonnewald, U., Theres, C., and Ehring, sensor of protein interactions in vivo. Proc. Natl. Acad. Sci. USA
91, 10340–10344.R. (1990). Reconstitution of an active lactose carrier in vivo by
simultaneous synthesis of two complementary protein frag- 47. Ramer, S.W., Elledge, S.J., and Davis, R.W. (1992). Dominant
genetics using a yeast genomic library under the control ofments. J. Bacteriol. 172, 5374–5381.
27. Riesmeier, J.W., Willmitzer, L., and Frommer, W.B. (1992). Isola- a strong inducible promoter. Proc. Natl. Acad. Sci. USA 89,
11589–11593.tion and characterization of a sucrose carrier cDNA from spin-
ach by functional expression in yeast. EMBO J. 11, 4705–4713. 48. Rentsch, D., Laloi, M., Rouhara, I., Schmelzer, E., Delrot, S., and
Frommer, W.B. (1995). NTR1 encodes a high affinity oligopep-28. Walmsley, A.R., Barrett, M.P., Bringaud, F., and Gould, G.W.
(1998). Sugar transporters from bacteria, parasites and mam- tide transporter in Arabidopsis. FEBS Lett. 370, 264–268.
49. Ku¨hn, C., Franceschi, V., Schulz, A., Lemoine, R., and Frommer,mals: structure-activity relationships. Trends Biochem. Sci. 23,
476–481. W.B. (1997). Macromolecular trafficking indicated by localiza-
tion and turnover of sucrose transporters in enucleate sieve29. Schulze, W., Weise, A., Frommer, W.B., and Ward, J.M. (2000).
Function of the cytosolic N-terminus of sucrose transporter At- elements. Science 275, 1298–1300.
50. Schagger, H., Cramer, W.A., and von Jagow, G. (1994). AnalysisSUT2 in substrate affinity. FEBS Lett. 485, 189–194.
30. Sato, M., and Mueckler, M. (1999). A conserved amino acid motif of molecular masses and oligomeric states of protein com-
plexes by blue native electrophoresis and isolation of membrane(R-X-G-R-R) in the Glut1 glucose transporter is an important
determinant of membrane topology. J. Biol. Chem. 274, 24721– protein complexes by two-dimensional native electrophoresis.
Anal. Biochem. 217, 220–230.24725.
31. Bungert, S., Molday, L.L., and Molday, R.S. (2001). Membrane 51. Lin, W.J., and Hwang, M.J. (1998). VHMPT: a graphical viewer
and editor for helical membrane protein topologies. Bioinfor-topology of the ATP binding cassette transporter ABCR and its
matics 14, 866–868.relationship to ABC1 and related ABCA transporters: identifica-
tion of N-linked glycosylation sites. J. Biol. Chem. 276, 23539–
23546.
32. Monden, I., Olsowski, A., Krause, G., and Keller, K. (2001). The
large cytoplasmic loop of the glucose transporter GLUT1 is
an essential structural element for function. Biol. Chem. 382,
1551–1558.
33. Weinglass, A.B., and Kaback, H.R. (2000). The central cyto-
plasmic loop of the major facilitator superfamily of transport
proteins governs efficient membrane insertion. Proc. Natl. Acad.
Sci. USA 97, 8938–8943.
34. Zen, K.H., McKenna, E., Bibi, E., Hardy, D., and Kaback, H.R.
(1994). Expression of lactose permease in contiguous fragments
as a probe for membrane spanning domains. Biochemistry 33,
8198–8206.
35. Sahin-To´th, M., Lawrence, M.C., and Kaback, H.R. (1994). Prop-
erties of permease dimer, a fusion protein containing two lac-
tose permease molecules from Escherichia coli. Proc. Natl.
Acad. Sci. USA 91, 5421–5425.
36. Zottola, R.J., Cloherty, E.K., Coderre, P.E., Hansen, A., Hebert,
D.N., and Carruthers, A. (1995). Glucose transporter function is
controlled by transporter oligomeric structure. A single, intra-
molecular disulfide promotes GLUT1 tetramerization. Biochem-
istry 34, 9734–9747.
37. Hebert, D., and Carruthers, A. (1992). Glucose transporter oligo-
meric structure determines transporter function. Reversible re-
dox-dependent interconversions of tetrameric and dimeric
GLUT1. J. Biol. Chem. 267, 23829–23838.
38. Dunten, R.L., Sahin-Toth, M., and Kaback, H.R. (1993). Role
